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[ NTRODUCTI ON

For years those industries requiring precision cleaning in their
production operations had access to chemical solvents which, because
of their extraordinary properties and when used with the appropriate
process and equi pnent, would suffice to precision clean virtually
everything requiring precision cleaning. Principle anbng these were
1, 1,2-trichloro |,2,2-trifluoroet hane (CFc-113) and nethyl chloroform
(Mcr) . When the Montreal Protocol process identified these chemcals
as ozone depl eting chenicals (opcs) and targeted them for conplete
phaseout, the industries requiring precision cleaning were challenged
to develop and inplement alternatives for CFC-113 and MCF

Efforts began inmmediately and worldwide with a great deal of success.
Through those efforts there are now an abundance of alternatives for
virtually every precision cleaning requirement. This sounds very
inpressive, and it truly is. Initially it would appear that there
should no longer be any difficulties replacing crc-113 and MCF within
the industries using those chenicals for precision cleaning.

However, upon exami nation this is definitely not the case

Wiile it is true there are abundant alternatives, none of them are
uni versal . For exanple, there is no substitute chenmical that is a
perfect replacenent for either CFC-113 or MCF in all their
applications. In addition, there are a variety of paranmeters
associated with the alternatives that vary considerably anong those
alternatives. These include such things as environnental inpact,
cost, worker safety, flammbility, storage lifetime, different levels
of reactivity with different materials, and so on. To further
compound the problem these paraneters vary in inportance depending
upon such things as the geographic area involved, type and nature of
process requirenments, and political concerns.

The challenge now is not to develop new alternatives; it is to find
existing alternatives that may work for a given process and, then, to
sel ect the nost appropriate one for adaptation. To do this, it nust
be recogni zed that an alternative is nost likely not going to be a
“drop-in” chemcal substitute-—it is nmore probably going to be an
entirely new process! Wth this in mind, it is inperative that a
current process using an ODC be wel| understood. This inplies
understanding the “purpose” for which the process exists, not just
how the process, itself, works. Only when this has been acconplished
can potential alternative processes be examned and the “best” one
sel ect ed.

Once the preferred alternative is selected and ready to be tested and
evaluated, it is critically important to understand that soneone el se
perfected the alternative process for their specific needs and
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situation. This means that the process will undoubtedly need to be
tailored, or adapted, to the new requirements. It is also inportant
to realize that with the nunber of variables involved in the typical
precision cleaning process, nothing ever works the first time it is
tried. It will require a fewiterations to be successful; it is
important to approach the effort with this thought in mnd.

In a diversified industrial operation with a variety of precision
cleaning requirenents, it is quite probable that one alternative
process cannot be adapted to fit every need. In precision cleaning,
every different cleaning operation often presents a “unique cleaning
probleni to be resolved. Mre than one alternate technology may be
required to solve the variety of problens that will arise.

At the United States Air Force’'s Aerospace Quidance and Metrol ogy
Center, it has been necessary to select, adapt, and apply several
different technologies to resolve some of the unique problens that
have presented thenselves in the Center’'s quest to totally elininate
its use of ODCS for general and precision cleaning.

BACKGROUND

The Aerospace Guidance and Metrology Center (Center) is located in
the state of Chio, USA at the Newark Air Force Base. It is arepair
center in the US Air Force Materiel Command.

One of the Center’'s primary missions is the repair of inertial

gui dance and navigation systens and conponents used by mpst missiles
and aircraft in the US Air Force inventory. The inertial systens and
conmponents of several foreign countries are also repaired at the
Center.

The Center’'s industrial operations are contained within one |arge
buil ding covering approximately fifteen acres (61 000 square metres).
Wthin this building are a |arge nunber of smaller structures
totalling over 200,000 square feet (18 600 square nmetres) of floor
space. These structures have strictly controlled environnents and
contain a vast array of conplex repair operations.

The sophisticated el ectronechani cal devices that form the nucleus of
inertial systems are extrenely susceptible to mnute contam nation,
both particulate and non-particulate residue. As a result, great
care nust be taken to assure a clean repair environment. O course,
during the repair process it is necessary to “precision” clean many
of the parts being assenbl ed.

The Center has historically used large quantities of Crc-113 for both
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general and precision cleaning. Prior to 1988 the center used over
2,750,000 pounds (1 250 000 kilograms) of cFc-113 each year. O her
solvents used at the Center for cleaning include MCF and

trichl oroet hyl ene. While not an ODC, trichloroethylene iS a
particularly toxic chenmical. The Center, in its efforts to find
alternatives for ozone depleting solvents, has recognized that there
are other solvents in use which it should be able to elininate with
the same alternatives. Consequently, though the attention is on
ozone depleting solvents, alternatives are sinultaneously being
sought for many other solvents classified as hazardous at the Center.

AQUEQUS CLEANI NG TECHNOLOGY

When the Center began its quest for alternatives, it made a corporate
decision to seek, as a first choice, a technology which would provide
the nmost environmentally friendly solution and which would be the

| east likely to come under close scrutiny and regulation in the future
fromregulatory agencies in the United States. The technol ogy that
appeared to satisfy this requirenent was based on water, i.e. agueous
cleaning technology. Several factors played a part in making this

choi ce.

First, the Center had an abundant and inexpensive supply of water.
Second, the various aqueous products, i.e. detergents and surfactants,
available for use with aqueous processes were either non-toxic or very
lowin toxicity. Third, aqueous technology materials contained no

CS . Fourth, aqueous technology materials did not have gl obal
warmng potential. Fifth, the aqueous products were not classified as
“volatile organic conpounds” (VOCs) . (VOCs are regulated air

contanmnants in the United States.) Sixth, the aqueous products could
be selected to be biodegradable in the municipal waste water treatnment
plant servicing the Center. Seventh, the treatment of waste water
streans for the remobval of various types of contanminants was a proven,
mature technology in its own right; this was inportant because it
assured that, if it should beconme necessary, it would be possible to
acquire existing pretreatnent technology for the Center’'s waste water
to remove any undesirable contamnants introduced from the Center’s
cleaning efforts before passing it to the local waste water treatnment
pl ant.

When the Center began working with its first aqueous process in 1987
not hing was known at the Center about precision cleaning with water
based processes. It soon becanme evident that not much was known

el sewhere, either. Many nistakes were made in those early days of
trial and error, but the Center was dedicated to make the concept
work. Each nistake or problem was addressed as it was discovered and
solutions were found. Over the years that have passed from those
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early beginnings to the present, the Center has evolved a very

sophi sticated understanding of aqueous processes and has perfected the
technology until it now believes that the vast mgjority of its

cl eaning processes, both general and precision, can be converted to
aqueous processes. To date, forty-three percent (43% of the Center’s
sol vent based cleaning processes have been converted to aqueous
processes. By January 1, 1995 at |east ninety-five percent (95% will
have been converted to aqueous processes.

The Center has installed seventeen aqueous “cleaning centers”

t hroughout its production conplex. These seventeen cleaning centers
formthe basis for the present cleaning process conversions and for
all the future conversions to aqueous processes. FEach aqueous
cleaning center is equipped with a variety of devices. These
devices vary from center to center depending upon the processes to
be performed. The devices may include an ultrasonic cleaner, a
spray booth, a “dish” washing nmachine, a vacuum oven, Cass 100
laminar flow booths, and other m scellaneous itens. | ncor por at ed
with these well known devices are some extrenely inportant
supporting systenms. The Center has found these systems to

be critical to the use of aqueous processes for precision cleaning. The
systens will be grouped into three categories for explanation, i.e.
wat er supply, water heating, and conpressed air drying:

1. Water Supply: The Center has found that the quality of the
wat er used in aqueous cleaning processes for precision cleaning is very
inportant in assuring consistency in spot free cleaning. Each cleaning
center is supplied with high quality deionized water neeting the United
States’ American Society for Testing and Materials (ASTM Type E2
classification. The water is constantly recirculated through the
dei onizing systemuntil it is used in the cleaning center. This is done
to assure consistency in the quality of the water and to prevent
biological filmbuildup within the system The deionized water enters
the cleaning center with a nonmnal resistivity of 18 megohns and mnust
meet a 15 negohm threshold for acceptance. As the water enters the
cleaning center it is filtered through a 0.2 mcronetre absolute filter

to renmove particul ate.

2. Water Heating: The deionized water is heated before use by a
point-of-use water heater designed for use with deionized water. With
this type of water heater the water is heated as it is used. Since no
holding or storage tank is required, there is no loss of the
deionization that may occur when deionized hot water sits in a tank.
The temperature of the water delivered to the process can be adjusted
from 60°F (16°C) to 155°F (68°C) as determined necessary for a particular

process.




3. Conpressed Air Drying: Drying is an extrenely critica
operation in precision cleaning if “water spots” and recontanination
with small particulate are to be avoided. Drying nust occur quickly
followi ng the rinsing operation while the parts are still totally danmp,
and it nust be very rapid. The Center acconplishes this in a
prelinminary drying process using compressed air as a drying nmedium  For
its particular cleaning requirements, the Center has found that the nost
effective and efficient drying can be acconplished with a hand held
bl owi ng device using the conpressed air. The blow ng device has a
speci al ly designed nozzle which permts a technician to use conpressed
air at a gage pressure of 60 pounds per square inch (414 kilopascals)
wi thout any safety concerns relative to the pressure. The pressure and
flow rate (approximately 18 cubic feet per minute (0.008 cubic netres
per second)) of the air fromthe hand held device will dry mpisture from
parts at least as rapidly as CFC-113 will evaporate from the same parts

when allowed to air dry in still air. The conmpressed air has severa
operations performed on it before it makes contact with the part being
dried. It is filtered to renove oil and water until the mass fraction

of oil and water is reduced to a |evel of no nore than 0.003 parts per
mllion and to renove particulate larger than 0.01 micrometres. The
filtering system used will operate effectively up to gage pressures of
80 pounds per square inch (550 kilopascals) and an air flow rate of 150
cubic feet per nminute (0.07 cubic netres per second) . The air is passed
through a static dissipating nuclear ionizing device containing the

el ement Po 210. This ionizes the air to nullify any electrostatic
charge that may be induced by the technician on the part being

dried and, thereby, reduces the incidence of electrostatic attraction
of particulate during the drying process. The Center’s experience

has been that the conpressed air works fully as well for drying
purposes without heating as it does with heating. As a result, the

air is not heated prior to use.

Even with the know edge and experience gained at the Center from the
devel opment and inplementation of its aqueous processes, each new
application nust be carefully exam ned and tested. It is not unusual
that a new application will require tailoring of the various
parameters that are part of the aqueous cleaning process. These
paranmeters include, but are not limted to, the type of detergent
used, the tenperature of the water and drying systens, the water
quality, the length of the wash and rinse cycles, the agitation
techniques used, the drying techniques used, and the design of the
fixture holding the parts being cleaned. One example which
illustrates the need for process tailoring concerns the cleaning of
an assenmbly from a device referred to as a gyroscopic conpass.

The inner housing assenbly fromthe gyroscopic conmpass requires

precision cleaning prior to repair and, again, prior to final
assenbly.  The assenbly consists of the berylliuminner housing of
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the gyroscopic compass to which a stainless steel motor stator is
attached with eight symmetrically placed "tacks" of epoxy. The epoxy
is a Bacon Industries product identified as LCA4 and is used with an
activator identified as BA5. When this assembly was examined as a
candidate for an aqueous cleaning process, it appeared that a process
typically used at the Center for beryllium and stainless steel would
be acceptable. The process in question required the use of a
detergent with the trade name "Versa Clean", ultrasonic wash and
rinse cycle times of 3 minutes each, preliminary drying with
compressed air and final drying in a vacuum oven for a minimum of one
hour. The water temperature during the wash and rinse cycles was 145
+ 5°F (63 + 3°C), and the vacuum oven was operated at a temperature of
150 + S5°F (66 + 3°C). During the evaluation of the assembly following
its first cleaning with the proposed process, it was observed that
exasperating thought and testing, it was found that the problem was
actually quite simple to solve. During the process of installing the
motor stator to the inner housing, the epoxy is cured at 97°F (36°C)
for 8 hours. Apparently, the glass transition temperature of the
epoxy established during the epoxy curing process at 97°F (36°C) was
such that the exposure of the assembly to temperatures in the range
of 150°F (66°C) during cleaning caused the epoxy to fracture. The
temperature of the water in the wash and rinse cycles and the
temperature of the vacuum oven used in the final drying process were
adjusted to 95 + 5°F (35 + 3°C). Following this process tailoring,
the process worked perfectly.

The Center has had several aqueous processes in full operation for as
long as four years. These processes are used as the only means for
cleaning on various inertial system parts and assemblies. The
various parts and assemblies consist of a variety of materials
including jewels, various adhesives and plastics, copper, and alloys
of iron, aluminum, and beryllium together with many other materials.
Included in these assemblies are over thirty-two different precision
instrument bearings (Reference 1). The Center also repairs a variety
of electronic circuit cards; many of these are now being cleaned
exclusively with an aqueous process to remove the mildly activated
rosin (RMA) soldering flux used in the repair process and to
generally clean the boards. A specific detergent is used in this
process which has undergone extensive testing for its potential short
and long term effects on the various metals used in circuit board
construction (Reference 2).

The Center never adopts an alternative as a process substitute until
it is fully convinced, based upon its testing and eval uation, that
the alternative will provide the same quality in the final product as
did the ODC based process it replaced. Wth this understood to be a
prerequisite, the Center has made three specific observations from




its experiences with the substitution of alternatives:

Observation 1: The quvality of the processes has never
decreased; in fact, it usvally increases. Two examples will be used

to illustrate this observation:

Exanple 1: In the refurbishnent processes for the
thirty-two different types of precision bearings that the Center
restores to original condition for reuse in the systens it repairs
the yield has increased for every bearing (Reference 1) . The
increase in yield has ranged between twenty-five percent (25% and
sixty-five percent (65%, depending upon the type of bearing.
Furthernore, this application of aqueous processes was one of the
first at the center and has been in place for over four years.
Throughout that time, there has been absolutely no indication in the
extensive reliability data the Center maintains on all the systens it
repairs, that the long term useful ness of the refurbished bearings
has been adversely affected by the use of aqueous processes.

Exanple 2. The yield fromthe repair process for a
gyroscope consisting predoninantly of berylliumincreased by 1.5
percent (1.5% when the ODC based cleaning processes were changed to
aqueous processes. The aqueously cleaned gyroscopes have been in use
in operating condition for over a year. A number of the gyroscopes,
after nonths of actual operation, have been renoved from their parent
gui dance sets and subjected to an extensive “postnortenf analysis.
These preplanned anal yses were conducted according to rigorous
criteria under the supervision of a team consisting of both
governnent and industry experts. Nothing was found in the postnortem
anal yses to indicate any adverse, long termeffects that could be
attributed to the aqueous cleaning processes used in the repair of
the gyroscope.

Ooservation 2: There has been no increased process tinme
following the substitution of an aqueous process for an ODC
based process. In fact, the process times are usually reduced
Again, tw exanples will be used to illustrate this
observation

Example 1. When the cleaning of a ginbal ring used
in one of the older aircraft inertial navigation systens
repaired at the Center was converted to an aqueous process, the
process time for cleaning the ginmbal ring decreased by
ninety-two percent (92% . The ODC based process for cleaning
the ginmbal rings was required to be performed manually, one
ring at a time. The nmanual process required about 15 ninutes
per ring; the aqueous process that was devel oped pernitted 24
rings at a time to be cleaned in 25 minutes. (The cleaning
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results were also better with the aqueous process.)

Exanple 2: The total process tinme for the sane
gyroscope described in Example 2 of Observation 1 above
decreased by 7.1 percent (7.1% when the cleaning process was
converted to an aqueous process. The 7.1 percent (7.1%
reduction in process time for this particular gyro is
equival ent to approximately two workdays consisting of eight
hours each. .

(bservation 3: The aqueous processes have been found to
be nuch |ess expensive than the equival ent processes using ODC
solvents. The total cost to convert all of the Center’s
processes which can be converted to aqueous processes (over
ni nety-five percent (95% of the processes) wll be
approxi mately us$ 1 400 000. The breakdown of this cost is as
foll ows:

- Labor: None (Used Current Enpl oyees)

- Equi pnent : us $ 900 000
-Facilities : Us$ 400 000
- Dei oni zed Water: us $ 100 000

—Total Investnment at Conpletion: US$ 1 400 000
—Recurring Annual Cost Estinate: Uss$ 200 000

The reduction in use of just the solvent CFC-113 that has resulted
fromthe present conversion of forty-three percent (43% of the

cl eaning requirenments to aqueous processes is equivalent to an annual
reduction in cost to the Center of uUss 1 800 000. This figure is
based upon what the Center currently pays for CFC-113. (O her cost
avoi dance the Center has not quantified includes such things as:

-Cost of methyl chloroform no |onger used for cleaning.
-Discontinued use of mptors on CFC-113 spray booth fans.
—Decreased hazardous waste disposal.

In addition to the three general observations 'discussed above, the
Center believes that the total energy consunption for all of its
aqueous processes Will be no nore than and, in fact, probably |ess

than the energy that was used to nmaintain the ODC solvent based
processes. The ODC sol vent based system did, indeed, consume |arge
quantities of energy in a variety of ways, Some of the ways are

given here. Energy is used to provide the heating and cooling required
in the large distillation system used at the Center to reprocess CFC-113
to virgin quality for reuse. Energy is consumed by the large notors on
the two carbon vapor adsorption units used to recover ODC vapors from
the exhaust air streanms of the many ODC spray booths used at the Center.
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The carbon vapor adsorption units run constantly throughout the year.
The carbon vapor adsorption units use additional energy in the form of
steam to purge the carbon beds of adsorbed solvent periodically. Energy
is also consumed in the operation of the thirty sunp punps that return
used CFC-113 to the distillation system and by the exhaust fans on the
CFC-113 i npi ngenment spray boot hs.

Finally, the Center did not ignore the contents of its waste water and
the inpact those contents nay have on the local municipal waste water
treatnent plant that services the Center. The Center knew the

contam nants remved in the general and precision cleaning processes at
the Center during the repair of inertial systems were quite small in
quantity, and it was felt that both the quantity and the type of

contam nants would ultinately not be a problemin the waste water.
However, to be certain, it asked representatives of the Environmenta
Protection Agency of the State of Chio, USA to visit on nultiple
occasions to observe and comrent on the waste streams of the processes
that have been installed. The results of those visits have been that
there are not enough contaninants of any kind being discharged into the
waste water treatment plant of the local nunicipality to warrant any
special concern or precaution. In addition, the Center had a study
conducted to exanine the detergents being used and the contam nants in
the waste stream both at the present time and as projected for the
future, to deternmine if any pretreatnent woul d be necessary in the
future (Reference 3). The conpany that did the study worked closely
with the local municipality in conducting their study and the concl usion
was that there is no reason for concern if the inplenentation of aqueous
processes at the Center proceeds as is planned. Even with this positive
information, the Center remains alert to the condition of its process
waste water to forestall any unexpected inpact.

NON- AQUEQUS  TECHNOLOG ES

Wiile the Center was conmitted to making aqueous technology work in its
processes, it realized and expected that there would be sone cleaning
requirenents that could not be performed with water and detergent, even
with the applied know edge and experience gained at the Center. This
was, in fact, the case. Several specific cleaning requirenents have
been found which have defied the application of the present capability
of aqueous technol ogy; nmore are expected as the aqueous Process
conversion nears conpletion. These unique requirements will be referred
to as non-aqueous cleaning requirenents in the reminder of the paper.

It is obvious that non-aqueous cleaning requirenents require non-aqueous
technologies . As was discussed earlier, the selection of potentia
alternatives nust address the performance requirements of the process
wor ker safety and health, the environnental inpact, and the cost. The
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Center has investigated numerous non-aqueous cleaning technol ogies.
From among these, four specific technol ogies have been identified which
the Center feels are essential if it is to neet its non-aqueous cleaning

requirements . Each of these technol ogies appears to neet the Center’s
performance requirements on the specific cleaning tasks they are being
applied to. In addition, the chenmicals that formthe basis for these

t echnol ogi es have no ozone depleting potential and are either non-toxic
or have very low toxicity concerns. These non-aqueous technol ogies are
Al cohol, Methyl Siloxane, Perfluorocarbon, and Supercritical Fl uids.

It is expected that these four technologies will provide a solution for
the renmai ning non-aqueous cleaning requirements that may generate.
However, each of the non-aqueous solutions has one or nore major
concerns that will cone into play when trying to apply them to remining
non-aqueous cleaning requirements. These concerns include cost (US$),
whether or not the naterial used is regulated as a volatile organic
conpound (vOC) according to US governnent requirenents, whether or not
the material used has direct global warm ng potential (GWwP), whether or
not the material used is flammable or combustible, and whether or not
the material is classified by the US governnent as requiring special

di sposal procedures after use. These concerns for each technology are
shown in Table 1 with aqueous technology included for conparison. The
concerns given are for the particular materials which will be used at
the Center in non-aqueous technologies. These materials wll be
discussed in nore detail in the remninder of the paper. Wen
considering the cost, it is inportant to acknow edge that at the Center,
the material in the aqueous, alcohol, nethyl siloxane, and
perfluorocarbon technol ogi es, when used for cleaning, may be used for
many cleaning operations before it nmust be replaced. After replacenent
in the actual process, the used al cohol, nethyl siloxane, and
perfluorocarbon materials may be economically recovered through
distillation. The gases used in the supercritical fluid processes for
the Center, i.e. carbon dioxide and ethane, are released directly to the
atnosphere after use. |In supercritical fluid cleaning processes |arger
than those intended for the Center, these gases may be economically
captured and recycled. In Table 1 the us$/kg figure given for aqueous
technol ogy represents the cost for a typical water and detergent
solution at the manufacturer’s recomended concentration.

ALCCOHOL TECHNOLOGY

One of the non-aqueous cleaning requirenents that surfaced at the Center
was the cleaning of mildiy activated rosin (rRMA) flux residue follow ng
the installation of a very fragile “pigtail” wre in a gyroscope
repaired by the Center for both the US Arny and the US Navy. The
pigtail wires, inthis application, are a form of electrical conductor
so designed that when attached between two points that experience mnor
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relative nmotions, the continuity of the circuit is maintained without
contributing any significant restraints to the relative notion. Pigtai
connections are made fromthe gyro case to the float to supply
electrical circuit continuity for the pickoff coils, the torquer coils,
and the spin nmotor. The pigtail wire has a maxi mum di aneter of 0.001
inch (25.4 micrometres) and is 99.4 percent (99.4% silver with a smal
amount of nickel and magnesium The wire is coiled to forma small

di ameter (approximately 0.03 inch (762 micrometres)) spring that has the
| owest spring rate possible.

This pigtail wire is so fragile that the surface tension of water
distorts and deforms it. This sinple fact nmakes it inpossible to submt
the assenbly containing the pigtail to any form of aqueous cleaning.

The existing process uses MCF to remove the flux and CFC-113 to rinse
the assenmbly. The assenbly is imersed in both the MCF and the CFC-113
in this process, but neither solvent causes any defornmation of the

pigtail.

The alternative cleaning process that has been found is a process using
i sopropyl al cohol. The isopropyl alcohol has a surface tension of 21.3
dynes per centinetre (21.3 millinewtons per metre) which is between the
surface tension of CFC-113 (17.3 dynes per centinmetre (17.3 millinewtons
per metre)) and MCF (25.5 dynes per centinetre (25.5 millinewtons Per
metre)) . Testing has shown that immersion in isopropyl alcohol during
the cleaning process does not deformthe pigtail. It also is a fact
that isopropyl alcohol is an acceptable solvent for RVA flux. Another
favorabl e aspect of using isopropyl alcohol for precision cleaning is
that there is a considerable body of data from Europe on its use as a
precision cleaning fluid including validation of conpatibility with a
variety of metals, plastics, and adhesives (References 4 and 5)

The primary concern (see Table 1) with the use of isopropyl alcohol is
its flammability. Its flash point is 53°F (11.7°C). Other concerns are
that it is considered a VOC and is subject to regulation and that it has
to be disposed of with special procedures since it is a flammable

liquid.

The Center is in the process of buying a cleaning systemsimlar to the
one in which the testing nentioned above was done (Reference 6) . It is
expected to be installed in January, 1994. This system has proven
design features which nmeet the stringent requirements of the fire,
safety, and environmental concerns of the US Air Force as interpreted by
the Center’'s enforcenent officials. The systemis designed to clean
with pure isopropyl alcohol with or wthout ultrasonics and, even though
it contains a flanmable liquid, the safety features and design of the
system are such that it may be placed in a normal production area
without requiring any additional precautions in electrical wiring or
construction. Anmong the features of the system are a “concentrator” for
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impurities in the alcohol bath and a “scrubber” for the exhaust air from
the system The concentrator constantly renoves inmpurities from the
alcchol bath and returns pure alcohol in the form of al cohol vapor to
the vapor zone above the bath where it is condensed back into the bath.
The wat er-based scrubber renoves the al cohol vapors and, hence, the VOC
em ssions from the exhaust air stream fromthe process to the |ow |evel
of less than 0.04 pound per hour (5 milligrams per second) . The water
from the scrubber with typical operation of the cleaning system wll
contain a mass fraction of alcohol |ess than 200 parts per mllion
Because of this low concentration, the current position of the Center is
that the water from the scrubber may be discharged directly into the
Center’s waste water without pretreatnment. Should, in the future
pretreatnment be required, the waste water stream from the scrubber

could be easily captured and appropriately processed.

Another difficult cleaning requirement at the Center is the removal of
very viscous suspension and danping fluids from parts with conplex
geonetry. Some of these fluids, such as pol ybromotrifluoroethylene,
are very dense and difficult to remove with the Center’s aqueous
processes. Prelimnary testing has shown that

pol ybronotri fl uoroet hyl ene can easily be removed from sone of the
Center’s nore conplex parts by the isopropyl alcohol cleaning process.
[f further testing is satisfactory, the alcohol system nay be adapted
to this cleaning operation. Some of the assenblies containing the
dense fluids are very fragile in their construction. This fragility
causes themto be very susceptible to damage from even ninor

agitation. Wen this conbination of non-aqueous cleaning requirenments
is taken together, the advantages of alcohol cleaning becone apparent.

METHYL SILOXANE TECHNOLOGY

One of the non-aqueous cleaning requirenents at the Center is the
removal of silicone based danping fluid, specifically phenylmethyl
silicone, fromthe gyro parts in which it is used.

The Center is investigating the use of volatile nmethyl siloxane fluids
as a nmedium for the renoval of this nmaterial. These fluids have sone
attractive features (Reference 7) including their distinctive ability
to renove phenylmethyl silicone. They al so have sone concerns in
addition to the ones listed in Table 1. prelimnary evaluations have
shown these materials to be conpatible with the specific netals and
other materials of the parts to be cleaned, but there are insufficient
test results to nmake a conclusive decision on this issue. Aso, there
is a question of the stability of the fluids in actual use. These two
concerns are being addressed through further testing at the Center.

One of these materials, 0S-10 made by Dow Corning Corporation, has
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been used quite successfully for certain cleaning operations in the
same system being purchased by the Center for isopropyl alcohol

cl eani ng. (0S-10 has a flash point of 30°F (-1°C) so it is quite
flammable.) The new cleaning system will serve as a test-bed for the
eval uation of some of the nethyl siloxane fluids for other non-aqueous
cleaning requirenents at the Center. The fact that the nethyl
siloxanes may be de-listed as VOCS by the US Environmental Protection
Agency in the near future is a positive factor for the fluids.

Because of the VOC issue, it nmay be desirable to use themin place of
al cohol if they denpnstrate the same cleaning ability as al cohol and
the same degree of conmpatibility with the materials being cleaned. On
the other hand, the nethyl siloxanes are currently much nore expensive
than isopropyl alcohol. These kinds of issues nust be dealt with as
the Center’'s experience with the two technol ogies evol ves.

SUPER CRITICAL FLU D TECHNOLOGY

The very critical precision cleaning required in the repair of
inertial navigation and guidance systens and a strong concern about
the inmpendi ng phaseout of 0DCs, the primary cleaning solvents
traditionally used for this purpose, stinulated the use of the small
Busi ness I nnovative Research program to assist in devel oping
solutions. The Small Business Innovative Research program funding is
made available to the US Department of Defense (DoD) by the US
Congress as a mechanism to encourage small US businesses with

know edge and innovative technology to apply their capabilities to
sol ve DoD problens and, in so doing, becone a viable part of the US
technol ogy base. Two such Small Business Innovative Research
projects were initiated in 1991 with the Aerospace Quidance and
Metrol ogy Center being the recipient of the deliverable technol ogies.

One of the projects dealt with perfluorocarbon technol ogy and wll be
discussed in the next section of this paper. The other project dealt
with the application of supercritical fluids technology to solve
difficult cleaning problens in inertial conponents.

Supercritical fluids were not new, but the application of this
technol ogy to precision cleaning of inertial conmponents was an
unexpl ored concept when the Snmall Business Innovative Research
project was begun (Reference 8). The conpany selected to do the
project was the Phasex Corporation of Lawence, Mssachusetts, USA.
The Phasex Corporation, while considered a small business, had
consi derabl e experience in the application of supercritical fluid
concepts. The cleaning of conplex parts using supercritical fluids
is a direct outgrowth of their prior experience in fundamental and
practical volubility phenonena and nmaterials interactions.
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TABLE 1

Direct Fl ammabl e/ Speci al
Technol ogy Uss$/kgq VOC? GWP? Conbustible Disposal?
Agueous 0.22 No, No No No,
Al cohol 3.31 Yes No Yes Yes
Met hyl Siloxanes 17.64 Yes, No Yes Yes
Perfluorocarbons 37.48 No, Yes No No
Supercritical
Fl ui ds
Carbon Di oxi de 0.13 No, Yes, No No
(2.00 5
Et hane 3.97 No, No Yes No
(20.00),

1 By US Environmental Protection Agency definition.

2 An exenption as a VOC is under consideration by
the United States Environnental Agency and is
expected to be granted in the near future.

3 Carbon dioxi de does have direct gl obal marninP
potential, but the carbon dioxide gas available
fromthe comrercial market for industrial use is
extracted from the waste streanms of chemnica
manuf acturing processes and coal burning power
plants . as such, it is currently viewed In the
United States as an acceptable emssion from a
“secondary” user’s perspective.

4 Wil e aqueous products, thenselves, may require
no special disposal procedures, the aqueous waste
stream mght. This would be dependent upon the
nature and volune of the contam nants renpved
during the aqueous cleaning processes.

5 Total cost of the gas used in a typica
application for one cleaning operation in the
supercritical cl eaning machine at the Center.

This cost assunes the cleaning chanber is full

of parts and all the gas is vented fromthe
machine to the atnosphere. Wth |arger
supercritical fluid systens, it nmay be econonica
to recover and recycle the gas which could reduce
this relative cost.

TABLE 1
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One of the specific non-aqueous requirenents that the Center worked
with Phasex to resolve was the renmoval of phenylmethyl silicone oi
froma particularly conplicated assenbly. The assenbly in question
was part of an accelerometer and consisted of a small housing nmade of
al um num containing a pendul um made of beryllium copper alloy, an
iron core magnet, and pigtails made from predominantly silver ribbon.
The pigtails are approximtely one inch (2.5 centimetres) long and
are 0.0003 inches (7.62 micrometres) thick by 0.004 inches (102
micrometres) Wi de. Portions of the assembly are attached using LCA4
epoxy with a BA5 activator. (Both LCA4 and BA5 are Bacon Industries
products.)  The phenylmethyl silicone oil is forced around these
various assenbly conponents during operation, and its renoval during
cleaning is complicated by the fact that the spacings between the
various conponents are very small. There are also recessed spaces
that are difficult to access. It is preferred to clean the assenbly
fully assembled. This is difficult to do even with the CFC-113 and

i mpossible to do with an aqueous process.

The past experience of Phasex was a considerable asset in shortening
the tinme it took the conpany to solve the problem The volubility in
supercritical f|uids (SCFs) of silicone oils and siloxane pol ymers of
various nolecular weights was investigated by Phasex in the md

1980s. During these studies it was shown that carbon dioxide was
effective for dissolving these materials only up to linmted nolecul ar
wei ghts depending upon their specific chemcal conpositions and/or
functionalities. Beyond these nolecular weight levels, it was found
that ethane nore effectively dissolved the silicone oils and
siloxanes up to nolecular weights as high as 500 000.

When challenged with cleaning the accelerometer housing, Phasex
considered both carbon dioxide and ethane as potential candidates for
removing silicone oils with the SCF process. The molecular weight of
the oil was unknown but the Center furnished the company a sample for
solubility testing. Carbon dioxide was tested at temperatures of
140°F (60°C) and 176°F (80°C) and at various pressures ranging up to a
gage pressure of 7500 pounds per square inch (51.7 megapascals).

With carbon dioxide at a gage pressure of 7500 pounds per square inch
(51.7 megapascals), only about sixty percent (60%) of the
phenylmethyl silicone oil could be dissolved, even at a
solvent-to-feed ratio of 2000:1. Based upon previous tests with
dimethyl, phenylmethyl, and diphenyl silicone fluids, ethane was
tested as a solvent. At a gage pressure of 6000 pounds per square
inch (41.4 megapascals) and 176°F (80°C), a solvent-to-feed ratio of

only 400:1 dissolved one hundred percent (100%) of the phenylmethyl

silicone oil. Thus, ethane was the preferred supercritical solvent
for removing this rather high molecular weight silicone oil from the

accelerometer housing.
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Extensive testing was done by Phasex (Reference 9) to validate the
compatibility of carbon dioxide and ethane with the various materials
of the special assenblies from which the Center had difficulty
removing certain oils. The conbination of Phasex’s experience, the
testing and investigation they did on the Small Business |nnovative
Research project, and their close collaboration with the Center’'s
process experts has been incorporated into the design and
construction of an SCF cleaning station. This cleaning station was
installed at the Center in Novenber, 1993 and operates on either
carbon dioxide or ethane. It has a chanber 4 inches (10.16
centimetres) in diameter and 12 inches (30.48 centinetres) deep in
which the parts to be cleaned are placed. The cleaning station is
safe and easy to use and delivers a superb product.

It rmust be renenbered that SCF technol ogy has not yet been
dermonstrated to be a truly effective nmeans of renoving particul ate.
It is, however, excellent at removing oils and greases from certain
parts and assenblies where the temperature and pressure of the
process Will cause no harm

The SCF cleaning station is intended to solve specific problens. It
is not intended to be used where other technologies can do an equal
or better job faster and cheaper and with an acceptabl e environnental

i npact .

PERFLUORCCARBON TECHNOLOGY

The second Small Business Innovative Research project was initiated
to develop a particulate renmoval capability equivalent to that of
CFC-113 usi ng perfluorocarbon technol ogy. The conpany selected to do
this was Entropic Systens Inc. of Wnchester, Massachusetts, USA
Entropic Systens Inc., as was the case with the Phasex Corporation,
had had considerable experience in their field of expertise, i.e.
particulate renoval with enphasis on the use of perfluorocarbons. In
the Small Business Innovative Research project, Entropic Systens’
challenge was to apply that know edge and experience to certain
critical requirements encountered by the Center in its repair of
inertial systems and components. Considerable effort was expended by
Entropic Systens in collaboration with Center personnel in testing
and evaluating various processes and process paraneters (Reference

9 .

The results were extraordinary. Entropic Systens devel oped an
ultrasonic process to renove particulate using a perfluorccarbon,
such as perfluoroheptane (PF-5070 made by 3M Corp.), together with a
fluorinated surfactant, such as purified Krytox 157Fs (nade by DuPont
Corp.). This conbination was very carefully tested and conclusively
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shown to renove particulate as well as CFC-113; actually, it renoved
particul ate nuch better than CFC-113.

The process has been incorporated into a cleaning station whick will
be delivered and put -into operation at the Center in early 1994
(Reference 10). The cleaning station is designed to have extrenely
| ow emissions, on-line particle sensors and an ultra violet
spectrophotoneter to monitor cleaning in real time, and many other
features to nmake it a valuable tool for very critical particulate
renmoval requirenents.

Wi | e the perfluorocarbons used in the process will easily renove
fluorinated oils, they have little solvency for other organic
contam nants. Consequently, for some applications, the cleaning
station may be used as a final cleaning operation for the specific
purpose of renoving particulate where high quality particulate
removal is necessary.

The Center is very nuch aware of the extrenely high global warmng
potential of the perfluorocarbons and of the US Environnental
Protection Agency’'s concern for their use. The Center shares that
concern and will use the perfluorocarbon technol ogy only where
nothing else will achieve the desired particulate renmoval necessary
to the functioning of certain very high precision inertial

conponent s. However, with prudent care and until sonething better is
found, this technology offers an inportant contribution to the
effort to totally elinminate dependence on ODCs where high precision
particulate removal is required.

CONCLUSI ONS

The challenge of substituting alternatives for the precision cleaning
processes using ODCs for general and precision cleaning is not an
easy one. The difficulty often lies in selecting the “best”

technol ogy from anong the nmany available technol ogies that form the
alternatives. The best technol ogy depends upon many factors related
to a particular industry’'s needs. Also, nmore than one “best”
technology is often required to provide a conplete solution to an
industry’s ODC elimnation problens.

An inportant fact to keep in mind in this effort is that there have
been many success stories around the world for ODC elimination. What
is being done at the Aerospace Cuidance and Metrology Center is just
one of those success stories. For those who have not yet inplenented
alternatives for ODC processes, these success stories offer, through
the sharing of information, the ability to nove past many of the
difficulties that those with the success stories had to overcorne.
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This has the potential to greatly expedite the selection of a “best”
alternative and to do it at a reduced overall cost.

The discussion in this paper, of necessity, is extrenely brief and
does not address the considerable detail that has gone into the
devel opment, testing, and application of each of the technol ogies
for the cleaning needs of the Aerospace Cuidance and Metrol ogy
Center. However, anything that the Center has learned or done in
this area in the past and what it will learn and do in the future
will be freely shared with any interested organization. Upon
request, the author will discuss how to obtain this information and
how to arrange for a site visit to the Center, if one is desired.

The US Air Force, through its role as an affiliate menber of the

i nternational organization known as the Industry Cooperative for
Ozone Layer Protection (IcoLp), has committed to share the know edge
and experience it has gained in elimnating ODCs fromits many
diverse processes. The Aerospace Cuidance and Metrol ogy Center is
proud to play a role in that commtment.
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